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The production of high aspect ratio cellulose nanoﬁbres without resorting to very harshmechanical and/or
chemical processing steps remains a challenge that hinders progress in the fast-moving nanocellulose
ﬁeld. In response to this challenge, herein we report the preparation of high aspect ratio (>500) and
small diameter (<8 nm) cellulose nanoﬁbrils through the deconstruction of Australian native ‘spinifex’
grass (Triodia pungens) by applying very mild pulping conditions combined with only one pass of high
pressure homogenization. Spinifex grass has an unusually high hemicellulose content, which facilitates
this easy ﬁbrillation process. Tensile measurements of the nanopaper produced by vacuum ﬁltration
indicated a high toughness of about 12 MJ m3, a tensile strength of 82 MPa and a high elongation at
break of 18%. The transverse elastic modulus of single nanoﬁbrils analysed by AM-FM is in the range of
19–24 GPa. Under these mild processing conditions, Triodia pungens nanoﬁbrils retained their
crystallinity.Introduction
Recently the deconstruction of primary cellulose bres into
nanoscale bres has become a topic of intense fundamental
and applied research. These nanobres are well-known for their
unique structure and many useful characteristics, with a large
number of applications emerging in multiple industrial sectors.
Cellulose nanobres can be either highly crystalline, rigid rod-
like nanocrystals (cellulose nanocrystals, CNC), or long,
moderately crystalline lament-like nanobrils (micro-
brillated cellulose (MFC) and nanobrillated cellulose (NFC)).1
Cellulose nanocrystals (CNC) are routinely obtained via acid
hydrolysis, ultra-sonication, mechanical and enzymatic treat-
ments or combinations thereof,1–4 while MFC and NFC are
usually obtained using mechanical shearing or brillation
methods.5–9 The mechanical methods currently employed
consume energy at diﬀerent levels and result in diﬀerent types
of MFC and NFC, depending also on the cellulose raw material
source.5nd Nanotechnology, The University of
in@uq.edu.au
Science Research (ISSR), The University of
nd Nanotechnology/Australian National
ity of Queensland, Australia
y of Queensland, Australia
tion (ESI) available. See DOI:
2Nanobrillated cellulose with a diameter below 20 nm and
length of few micrometers1 requires higher energy inputs for
brillation and generally is produced through the use of
mechanical methods such as homogenization, ultrasonication,
milling, or a combination of these methods following chemical
(e.g. TEMPO oxidation, carboxymethylation), mechanical or
enzymatic pretreatments of the highly puried wood or plant
bres. In comparison, MFC with bre diameters in the range of
20–100 nm are commonly produced via similar mechanical
treatments from puried bres, but without the application of
additional biomass pretreatment.10–13 An important consider-
ation is that the application of intense mechanical energy cau-
ses fracture of cellulose bres, thereby reducing their length
and aspect ratio. To avoid this damage and loss of aspect ratio,
cellulosic bres can be treated by employing multiple, but more
gentle mechanical processing treatments to facilitate the
gradual breakdown of the bre into more intact nanoscale
brils. For example, cellulosic feedstock materials may be
passed through high pressure or high shear homogenizers or
disc reners several times (up to 20, 30 or even 150 passes in
some examples).14,15 In current commercial practice, this multi-
step processing results in high energy costs and long processing
times which reduces the commercial attractiveness of the
product. This implies that the production of high-aspect ratio
(longer and thinner) cellulose nanobres using lower energy
and chemical input remains one of the primary technological
challenges.16,17 In this work we produced high aspect ratio NFC
from bleached spinifex pulp without the need for further
chemical, enzymatic, or mechanical pretreatments.18This journal is © The Royal Society of Chemistry 2015
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View Article OnlineSpinifex grasses form the dominant vegetation of Australia's
semi-arid hummock grasslands that cover nearly one third of
the continent (z2.1 million km2). Spinifex is the common
name for species in the tribe Triodieae (genera Triodia, Mono-
dia, and Symplectrodia19,20) of which the genus Triodia is the
dominant genus with 69 identied species today. Endemic to
Australia, spinifex grasses are perennial evergreen xerophytes
adapted to dry and hot environments.19,21 They have highly
resilient prickly leaves,22,23 and based on anatomy and resin
production, are classied into non-resinous “hard” species and
resinous “so” species.19,22,24–26 Triodia pungens was studied here
as one of the most abundant resinous species with an extensive
distribution in the semi-arid regions north of 27 S latitude
across the continent.27 In this study, the morphology, crystalline
structure and mechanical properties of T. pungens nanobrils
were compared with some other sources of cellulose reported in
the literature. Moreover, for meaningful benchmarking
purposes, a commercially available pure form of cellulose i.e.
‘microcrystalline cellulose (MCC)’ was exposed to identical
homogenization processing and compared to the spinifex-
derived NFC.Material and methods
Materials
We collected mature Triodia pungens plants near Camooweal,
north-west Queensland, Australia. Microcrystalline cellulose
Avicel PH-101 NF (Farm grade) was purchased from FMC
Biopolymers, Philadelphia, United States. The chemicals
employed in this study included sodium hydroxide, glacial
acetic acid (Ajax Finechem, Thermo Fischer Pty Ltd, Scoresby,
Australia), sodium chlorite technical grade, 80% (Sigma-
Aldrich, Castle Hill, Australia), and all reagents were used as-
received.Pulping method
Aer being washed with hot water and air dried, T. pungens was
cut to an approximate bre length of 0.3–7 mm and an average
bre diameter of 63  38 mm, then delignied at 80 C for two
hours using a 2% (w/v) sodium hydroxide solution with a 10 : 1
solvent to grass ratio, followed by rinsing the product with 60 C
water. The delignied bres were then twice bleached using an
acidic solution of 1% (w/v) sodium chlorite at 70 C for one hour
with a 30 : 1 solvent to grass ratio (pH¼ 4, the pHwas decreased
with glacial acetic acid). Based on the TAPPI standard, a
compositional analysis was carried out on both washed and
bleached pulped spinifex (TAPPI, acid-insoluble lignin in wood
and pulp, modied method based on Test Method T-222 om-88,
1988; TAPPI, acid-soluble lignin in wood and pulp, Useful
Method UM-250, 1991).28 The water washed T. pungens grass
sample comprised 33% (w/w) cellulose, 44% (w/w) hemi-
cellulose, and 23% (w/w) lignin. In comparison, aer deligni-
cation and bleaching steps, the amounts of cellulose,
hemicellulose and lignin were found to be 55%, 42%, and 3%
(w/w), respectively.This journal is © The Royal Society of Chemistry 2015Fibrillation using a high pressure homogenizer
A 0.3% (w/v) dispersion of bleached pulp of T. pungens with an
average diameter of 12  1.4 mm was passed between one and
15 times through a high pressure homogenizer (EmulsiFlex-C5
Homogenizer, Avestin Inc, Ottawa, Canada) at three diﬀerent
applied pressures of 35, 100, and 150 MPa. For comparison, the
eﬀect of homogenization on puried cellulose, a 0.3% (w/v)
dispersion of MCC with a diameter in the range of 10–20 mm
and length in the range of 38–60 mm, was passed one time
through the homogenizer at 150 MPa.
Preparation of cellulose nanopaper
Thin paper from the NFC dispersion was produced via the
vacuum ltration method using a Bu¨chner funnel tted with a
cellulose acetate membrane lter (pore size: 0.45 mm, diameter:
47 mm. Advantec, Toyo Roshi Kaisha, Ltd, Japan). Prior to
ltration, 20 mL of 0.3% (w/v) dispersion was diluted with
20 mL water and stirred for 24 hours, and then ltration was
continued until the wet sheet of NFC was formed. The wet sheet
was peeled from the lter paper, placed between Teon sheets
and compression-moulded at 103 C using a hydraulic press
with (a) no signicant pressure, and (b) 1000 psi for one hour, in
order to obtain nanopaper samples with high and low poros-
ities, respectively. The nanopaper samples were further condi-
tioned at room temperature and 65% relative humidity for a
week prior to testing (Fig. S1†).
The density of NFC nanopaper was calculated by measuring
the weight of paper and dividing it by its volume. Nanopaper
thickness was measured using a micrometer and the corre-
sponding porosity was estimated using the following eqn (1):
Porosity ¼ 1  (rNFCpaper/rcellulose) (1)
where rnanopaper and rcellulose represent the density of obtained
NFC lm and neat cellulose (1460 kg m3), respectively.29
Characterization
Scanning electron microscopy (SEM). In order to view the
morphology of native bres, the water-washed and air-dried
grass bers were used. Prior to scanning, bre samples were
further dried under vacuum overnight at 50. These dried
samples were mounted on sticky carbon tape on the SEM stubs
and then gold coated using a SPI-Module sputter coater (SPI
supplies, Pensylvania, U.S.A). Samples were imaged using a
Neoscope JCM-5000 (JEOL, Tokyo, Japan) operating at 10 kV.
Transmission electron microscopy (TEM). A 0.04 mg mL1
dispersion of nanocellulose in water was sonicated at 25%
amplitude for ve minutes (using Q500 Sonicator). 1 mL of
dispersion was spotted onto Formvar coated 200 mesh copper/
palladium grid (ProSciTech, Queensland, Australia) and
allowed to dry at room temperature. The sample was then
stained with a 2% (v/v) uranyl acetate (UA) aqueous solution for
ten minutes in the absence of light. Aer removing excess UA
with a paper tip, the grid was allowed to dry at room tempera-
ture. Finally the grid was examined on a JEOL 1011 TEM (JEOL
Pty Ltd., Frenchs Forest, Australia) at 100 kV and images wereRSC Adv., 2015, 5, 32124–32132 | 32125
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View Article Onlinecaptured on a SIS Morada 4K CCD camera system. The average
diameter of nanobrils was measured using digital image
analysis (ImageJ). For each sample, the diameter of nanobrils
was measured from 102 randomly selected nanobers in several
TEM images with the same magnication. Measuring the
length of long and rope-like NFC was achieved using cryo-TEM
and AutoCAD, as explained in the ESI A and B.†
Attenuated total reectance (ATR) Fourier transform
infrared spectroscopy (FTIR). Fourier transform infrared (FTIR)
spectroscopy was performed on a Thermo-Nicolet 5700 ATR
FTIR spectrometer equipped with a Nicolet Smart Orbit single
bounce, diamond ATR accessory (thermos-electron Crop.,
Waltham, USA). Freeze dried bre samples obtained from each
stage of modications were directly pressed onto the diamond
internal reection element of the ATR accessory. Spectra were
recorded in the wave number range of 4000 to 500 cm1 and at a
resolution of 4 cm1 from 128 scans.
X-Ray diﬀraction. X-Ray diﬀraction analysis of the water-
washed, air-dried and ground grass bre samples and also
freeze-dried bre/nanobre samples following delignication,
bleaching and homogenisation processes, respectively, was
conducted on a Bruker D8 Advance X-ray diﬀractometer
(Bruker, Karlsruhe, Germany) with a 0.2 mm slit. Graphite-
ltered Cu-Ka radiation was generated at 30 kV and 20 mA.
Samples were put in the sample holder and scanned over a
range of 2q ¼ 5 to 40 with a speed of 1 min1. Crystallinity
index which expresses the relative degree of crystallinity was
measured using eqn (2):30
CrI ¼ ((I002  Iam)/I002)  100 (2)
where I002 represents the intensity of the both amorphous and
crystalline regions and Iam is the intensity of amorphous parts
in XRD spectra.
The mean size of crystalline regions, which is another
parameter to evaluate the eﬀect of diﬀerent treatments on the
crystalline structure of nanocellulose samples, was calculated
using Debye–Scherrer eqn (3):31–33
D ¼ kl/b cos q (3)
where k is the shape factor and is approximately ¼ 0.89, b is the
line width in radians at half the maximum intensity of I200, l is
the wave length of the radiation (0.154 nm) and q is the scat-
tering angle of the peak (200).
Mechanical properties. The tensile properties of the two
porous NFC nanopaper samples were measured at room
temperature using an Instron model 5543 universal testing
machine (Instron Pty Ltd., Melbourne, Australia) tted with a
500 N load cell. A total of ve rectangular strips of each sample,
having dimensions of 25mm in length and 6mm in width, were
tested at a cross-head speed of 1 mmmin1 and a gauge length
of 10 mm.
Transverse elastic modulus. 0.04 mg mL1 of NFC disper-
sion in water was dried on a freshly cleaved mica surface and
imaged using AFM. All the AFM measurements were obtained
using a Cypher S AFM (Asylum Research/Oxford Instruments,32126 | RSC Adv., 2015, 5, 32124–32132Santa Barbara, CA). The cantilevers used were Tap 300 (Budget
Sensors, Bulgaria) with a nominal resonance frequency of
300 kHz and a nominal spring constant of 40 N m1. The
elastic modulus of individual cellulose nanobrils was
measured by AM-FM (Amplitude Modulation-Frequency
Modulation). AM-FM works based on simultaneous moni-
toring of two distinct normal modes of vibration of the canti-
lever. Briey, the topographic feedback operates in normal
tapping mode, providing non-invasive, high quality imaging.
The second mode drive frequency is adjusted to keep the phase
at 90, on resonance. This resonant frequency is a sensitive
measure of the tip-sample interaction. Aer the cantilever was
calibrated using Ultra High Molecular Weight Polyethylene
having a Young's Modulus of 1.26 GPa, the tip was retracted
and the calibrated sample was replaced by the sample of
interest.34,35Results and discussion
Plant traits of T. pungens
The composition of lignocellulosic components in Triodia
pungens water washed grass and bleached pulp showed that
prior to delignication and bleaching the grass had a hemi-
cellulose content of 44% (w/w) and this reduced to 42%
following delignication and bleaching (note these percentages
are with respect to the total lignocellulosic mass of the mate-
rial). Interestingly, the hemicellulose content did not decrease
signicantly aer delignication or bleaching of the water
washed grass, demonstrating that the high hemicellulose
content of the grass is maintained through to the nal nano-
cellulose product. No doubt the very mild delignication and
bleaching conditions used in our method is a contributing
factor. We postulate that the high amount of hemicellulose in
T. pungens grass is associated with a strategy of the plant to help
it retain water during periods of drought (hemicellulose is
mainly responsible for moisture absorption and retention in the
plant bre). Fortuitously, during spinifex NFC processing this
hemicellulose is plasticized by absorbing moisture and conse-
quently results in a decrease in the cohesion forces between the
cellulose brils, making cell wall delamination easier,36,37
avoiding blocking of the constriction chamber of the homoge-
nizer, and thereby decreasing the required overall energy
consumption. In order to better understand this, the spinifex
leaf morphology was characterised by SEM as shown in Fig. 1.
Triodia species have hard leaves with a C4 leaf anatomy which
are reinforced with sclerenchyma and thick-walled paren-
chyma.27,38 Chlorophyll-rich bundle sheaths are arranged
around the stomatal groves and positioned between vascular
bundles. The SEM images of leaf transverse sections show
dense sclerenchyma and parenchyma cells with pit apertures
(Fig. 1). Cellulose microbrils are organized in a looser network
embedded in an abundant matrix consisting of hemicelluloses,
rather than a tight lignin network.39,40 We hypothesise that as a
result of this loose and arguably weaker microbrillar interac-
tion with the matrix, micro and nanobrils can more easily be
separated from one another.This journal is © The Royal Society of Chemistry 2015
Fig. 1 SEM micrographs of water-washed and air-dried Triodia pun-
gens grass; (a) and (b) transverse sections of grass at lowmagniﬁcation
(scale bar: 1 mm) and higher magniﬁcation (scale bare: 200 mm), (c)
and (d) longitudinal sections of grass showing parenchyma cells at low
magniﬁcation (scale bar 500 mm) and parenchyma cells with pit
apertures at higher magniﬁcation (scale bar 20 mm).
Table 1 The average diameter of nanoﬁbrils (nm) produced by
homogenization as a function of increasing numbers of passes and
applied pressures
Paper RSC Advances
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View Article OnlinePulping of T. pungens
Prior to brillation, pulp of T. pungens was prepared by
delignication with alkaline solution at low concentration
(2%) and bleached with sodium chlorite solution (1%,
2 times). FTIR spectral analysis was used to follow the func-
tional group changes in the bers. FTIR spectra (see Fig. S2 in
ESI†) show characteristic peaks in the region of 950–1200 cm1
for the C–O–C pyranose ring and a band at 896 cm1 for the
glycosidic –C–H groups with a ring contribution indicating the
b-glycosidic linkage between anhydroglucoses cellulose.41–43 A
decrease in the peak with a maximum occurring at around
2900 cm1 (responsible for C–H stretching) indicates the
removal of hydrophobic lignin and other waxy components
aer delignication and bleaching. The peak at 1734 cm1
(C]O stretching) is attributed to the vibration of the acetyl and
uronic ester groups, from hemicellulose or ester bonds of the
carboxylic groups of ferulic and p-coumaric acids of lignin
or/and hemicellulose44 showed a decrease in the intensity aer
delignication and bleaching that can be attributed to the
breakage of the ester linkages of carboxylic groups of lignin and/
or hemicellulose and oxidation of the terminal glucopyranose
unit.45 Another possibility is that carboxyl or aldehyde absorp-
tion could be arising from the opened terminal glycopyranose
rings or oxidation of the C–OH groups.46 The other band around
1240 cm1, which corresponds to the axial asymmetric strain of
]C–O– in ether, ester, and phenol groups of lignin, also
decreases in the bleached bres.Pressure 1 pass 5 passes 10 passes 15 passes
150 MPa 3.5  0.8 3.2  0.7 3.3  0.8 3.2  0.8
100 MPa 3.5  0.6 — — —
35 MPa 3.7  1.0 — — —Nanobrillation of T. pungens
Nanobrillation was performed via homogenization of the
aqueous suspension of bleached pulp by systematically varyingThis journal is © The Royal Society of Chemistry 2015the pressure and number of passes to optimize the process. It
was found that high pressure homogenization has a noticeable
eﬀect on reducing the diameter of bres, and producing long,
thin nanobrils with a complex and web-like structure. A stable
and homogeneous (white coloured) dispersion of NFC in water
was obtained aer homogenization (Fig. S3†). The diameters of
the nanobres were measured from TEM images of the
suspensions obtained aer homogenisation under diﬀerent
number of passes and pressures (Table 1). It can be seen that
the NFCs resulting from homogenisation under diﬀerent
conditions exhibited almost the same nanobre diameter (with
an average of 3.5 nm). For example, homogenization of a 0.3%
(w/v) bleached pulp at 35 MPa and only aer one pass, yielded
NFC with an average diameter of 3.7  1 nm (Fig. 2) as
measured from this type of image.
The length-to-thickness ratio of T. pungens nanobrils is also
very high,10–12,47 however this high aspect ratio primarily results
from the small diameter of nanobrils (1–8 nm).
It is not easy to measure the length of the individual NFC on
the TEM images (Fig. 2), as nanobrils are contorted and
entangled with each other with a random in-plane orientation
so the start and end points of nanobrils are not always clear or
possible to nd. Also, as the NFC is dispersed in water, the
strong secondary inter-bril interactions such as hydrogen
bonding will increase upon drying, and this makes the char-
acterization of these long, ropey NFC quite diﬀerent from the
rod-like materials such as CNC and tunicate whiskers.48 So the
length of thicker bundles of nanobrils which have an average
diameter of 10 nm was measured in the lower magnication
TEM images (as it can be seen in Fig. 3a) with Auto CAD (ESI A†)
to enable observation of the whole long bundle in a single
image, while the length of individual nanobrils with an
average diameter of about 3.5 nm was measured with cryo-TEM
(the movie provided in the ESI B† shows three dimensional
images of NFC which were taken by cryo-TEM. The length of
individual nanobrils was measured using this approach). The
average aspect ratio of a bundle of a few nanobrils produced
from homogenization of a 0.3% (w/v) bre dispersion for only
one pass at 150 MPa pressure, with an average diameter of
10.7  3.9 nm and an average length of 5773  1700 nm, is
540  166, and ranging from 305 to 727. The average aspect
ratio of individual brils of the same sample with an average
diameter of 3.5  0.8 nm and an average length of 1686 
591 nm, is 527  185, and ranging from 266 and 958.
Here we must emphasise that brillation with one pass was
performed without any further chemical and enzymaticRSC Adv., 2015, 5, 32124–32132 | 32127
Fig. 2 (a) TEM image and (b) histogram of average diameter of NFC
from T. pungens obtained after one single pass at 35 MPa.
Fig. 3 TEM micrograph of; (a) T. pungens NFC after homogenisation
at 35 MPa pressure, and (b) cellulose nanocrystals obtained from
commercial microcrystalline cellulose. Both images were obtained via
homogenization at 150 MPa after one pass.
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View Article Onlinepretreatments on bleached pulp. Such pretreatments are
necessary in the majority of contemporary protocols for
obtaining NFC from wood or plant pulps.Nanobrillation via high-pressure homogenization at low
energy
The NFC obtained by homogenization was further compared
with the more common and commercially available pure
cellulose, MCC. Fig. 3 compares the TEM image of the
T. pungens NFC with the nanocrystals obtained via homogeni-
zation of an aqueous suspension of MCC at a pressure of
150 MPa for one pass. Homogenization of MCC resulted in a32128 | RSC Adv., 2015, 5, 32124–32132signicant reduction in its particle size and produced regular
rod shaped cellulose nanocrystals with an average diameter of
5.6  1.4 nm and an average length of 216  70 nm. It can be
seen that although the diameter of MCC nanocrystals and
T. pungens NFC are almost identical, the length of T. pungens
nanobrils is still signicantly higher than the MCC nano-
crystal. A signicant nding from this study is the ease of
brillating T. pungens bleached pulp into nanoscale brils aer
just one pass, even with the low pressure setting, and without
encountering clogging issues.
This contrasts with other comparable published studies
which found that a minimum of three passes was necessary for
NFC preparation, oen in combination with additional treat-
ment with acid, alkali or polyelectrolyte in order to reduce the
number of passes (Table 2). From a technological standpoint,
the ease-of-brillation of T. pungens pulp is crucial in terms of
minimising the energy consumption by reducing the number of
passes and applied pressure, and also the associated cost of the
process.49–52 It is known that the brillation of pulp into
microbrillated cellulose is facilitated by the presence of
hemicellulose, which is most likely due to the negative charges
on hemicellulose that lead to charge repulsion between the
brils.36 Additionally we believe that this high water-swellable
hemicellulose content “toughens” the NFC, rendering them
more fracture-resistant during the conditions of high shear,
turbulence and cavitation imposed during homogenization.
Table 2 compares the chemical composition of bleached pulp of
diﬀerent plant feedstocks and using diﬀerent processing
routes, as reported in the scientic literature. Signicantly, it
can be seen that the amount of hemicellulose remaining in the
bleached pulp of T. pungens is higher than that reported for
other sources of cellulose.Crystallinity of T. pungens NFC
Cellulose bres are comprised of crystalline and amorphous
regions. The degree of crystallinity cannot be exactly dened, as
the crystalline portions are neither perfect crystals, nor are the
non-crystalline portions completely disordered.46 It is also
known that the crystallinity of cellulose can be aﬀected
dramatically by diﬀerent calculation methods because of the
overlapping and broadened diﬀraction peaks of cellulose.32 So
the most widely used method for measuring the crystallinity of
plant bre was applied based on Segal et al.30 method for all
T. pungens samples. Fig. 4 compares the XRD patterns of the
obtained nanobrils with untreated, delignied and bleached
bres. The observed XRD peaks around 2q ¼ 16 (broad peak
comprising 101 and 101 planes), 22.6 (002 plane) and 35 are
representative of a typical polymorph of cellulose I. The
broadening of the peak at around 16 for all sample may indicate
the presence of hemicellulosic components such as xylan.61
The similarity of the patterns indicate that the cellulose I
polymorph was not disrupted by the mild conditions applied.
The crystallinity index (CrI) of T. pungens bre was increased
aer delignication (71%) and bleaching (74%) from its native
crystallinity (59%) indicating the removal of non-cellulosic
components62 (see Table S1 in ESI†). Aer homogenization,This journal is © The Royal Society of Chemistry 2015
Table 2 Comparison chemical composition of the bleached pulp obtained from diﬀerent sources and treatments of cellulosea
Source of cellulose Mechanical treatment
Diameter (nm)
of brils
Length (mm)
of brils
Cellulose
(%)
Hemicellulose
(%)
Lignin
(%) Ref.
Bleached T. pungens pulp Homogenization for 1 pass at
150 MPa
1–8 1–7 55 42 3
Bamboo bre Ultrasonication for 30 min at
1200 W and centrifugation to
separate thicker brils
30–80 Up to 10 93.3 6.7 0.1 9
Sugar-beet pulp Ultrasonication at 20 kHz and
500 W for 4 min followed by
heating to 65 C for 20 min then
homogenization for 10 passes at
30 and 38 to 40 MPa
2–15 — 80.33 6.9 — 53
Sugar beet pulp Homogenization for 1 pass at
20 MPa then 10 passes at 80 MPa
20–70 0.2–1 82.83 7.01 0 54
Abaca Homogenization for 5–7 passes at
30 MPa followed by 10 passes at
60 MPa
20 Several
microns
86.84 13.5 — 55
Hemp Homogenization for 5–7 passes at
30 MPa followed by 10 passes at
60 MPa
30–50 5 91.50 8.51 — 55
Bleached eucalyptus bre Ultrasonication for 30 min
followed by homogenization for
40 passes at 100 MPa
1000–5000 Few micron 80.35 13.52 0.20 56
Sowood bleached kra
pulp
Double-cylinder homogenizer at
10 000 rpm for 2 min followed by
ultrasonic homogenizer at
19.5 kHz and 300W for 2min then
centrifugation to separate thicker
brils
3–4 0.2–2.5 90 10 — 57
Bleached eucalyptus pulp Disc rener several passes
followed by ultrasonication for 7 h
at 50% amplitude and 80 W, then
centrifugation to separate thicker
brils
20–50 — 85.2 13.9 0.1 58
Empty palm fruit bunch
bers
HCl and NaHCO3 treatment
followed by PFI mill, then
microuidization for 5 passes at
55 MPa
— AR ¼ 90–110 75.8 6.2 9 59
Wheat straw Cryocrushing followed by
homogenization for 20 passes at
30 MPa
10–80 Few microns 84.6 6 9.4 60
Holocellulose pulp Masuko grinder for 1 pass at
1500 rpm
10–20 — 77.7 21.4 0.1 37
a AR is aspect ratio calculated by length/diameter of bres.
Paper RSC Advances
Pu
bl
ish
ed
 o
n 
26
 M
ar
ch
 2
01
5.
 D
ow
nl
oa
de
d 
on
 1
/2
1/
20
19
 6
:3
5:
03
 A
M
. 
View Article Onlinethe CrI of NFC slightly decreased (to 69%) which may be due to
damage or disordering of the nanocrystalline domains in the
nanobers upon the application of mechanical energy. The
similar trend was observed in crystalline domain size. The
thickness of crystalline domains is slightly increased aer
delignication, bleaching and homogenization processes.Mechanical properties of nanopaper
Fig. 5 and Table 3 compare the stress–strain curves and
mechanical property proles for nanopapers obtained by
vacuum ltration and diﬀerent compression (negligible versus
1000 psi) from the suspension of T. pungens NFC (0.15 w/v%)
concentration. The nanopaper formed using higher
compression (89 mm thickness) obtained from T. pungensThis journal is © The Royal Society of Chemistry 2015NFC with a porosity of 22%, showed 3.2 GPa Young's modulus,
18% tensile strain, 84 MPa tensile stress, and 12 MJ m3
toughness (work at fracture). The better mechanical proper-
ties for the nanopaper with lower porosity may be due to the
existence of “compacted” hemicellulose which changed the
interbrillar interactions aer compression molding at a
temperature of 103 C.
These favourable properties are due to the high aspect ratio
nanobril orientation and network structure. It can be seen that
the overall toughness of T. pungens derived NFC (area under the
tensile curve) is very high, as corroborated in Table S2† in
comparison with other reported values for nanobers. Clearly
the mechanism at play is very complex, however this could be
associated with interbril debonding, bending and plasticity of
nanobrils, slippage of high aspect ratio and well-entangledRSC Adv., 2015, 5, 32124–32132 | 32129
Fig. 6 Transverse elastic modulus of a single T. pungens nanoﬁbril as
determined by AM-FM.
Fig. 4 X-Ray diﬀraction patterns for water washed, deligniﬁed,
bleached ﬁbres and NFC of T. pungens.
Fig. 5 Tensile curves of thin papers with diﬀerent porosities (P)
prepared from the NFC suspension (0.15 w/v%) of T. pungens.
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View Article Onlinenanobrils, and ultimately, high tensile strength of individual
nanobrils enabling quite a high plastic deformation before
breakage.48
Despite a relatively high porosity, the nanopaper samples
obtained from T. pungens NFC strained to a larger value in
comparison with the other sources of cellulose (Table S2†).29,63,64
This could be due to the smaller and more homogeneously
distributed voids, reasonably strong interbril adhesion, and
the strength of individual nanobrils.48 As already mentioned,
one very important diﬀerentiating factor for T. pungens NFC is
the unusually-high hemicellulose content and the exibility andTable 3 Tensile properties of nanopapers made from the NFC suspensi
Porosity
(%)
Young's modulus
(GPa)
Tensile strain
(%)
22 3.2  0.2 18  0.2
32 3  0.1 12  0.3
32130 | RSC Adv., 2015, 5, 32124–32132toughness37 that this imparts to nanobrils through strong but
“forgiving” and labile interbre bonding, which reportedly is
benecial for imparting toughness and exibility to NFC
nanopaper.37,65,66Elastic modulus of single nanobrils
In order to gain a better understanding of the mechanical
properties of individual brils of T. pungens NFC, particularly
with respect to polymer nanocomposite applications, the
transverse elastic modulus of individual nanobrils was esti-
mated using AFM. In all reported methods,67–70 the force–
displacement curves were acquired by AFM then tted by
several diﬀerent models to estimate the transverse elastic
modulus. In this study the AM-FM (Amplitude Modulation-
Frequency Modulation) method was employed. This relatively
new approach was applied to measure the transverse elastic
modulus of a single nanobril. The AFM images and modulus
proles in Fig. 6 show the elastic modulus of T. pungens NFC
with an average diameter of 3.5  0.8 nm.
It was determined that the elastic modulus of T. pungensNFC
is in the range of 19–24 GPa. The elastic modulus range of
T. pungens NFC is a little lower than most reported values for
CNCs, which is consistent with our ndings that our NFC has a
relatively high amorphous hemicellulose content, giving them
more toughness and exibility, rather than stiﬀness, as expec-
ted for CNCs (we could not nd any other published values for
the transverse elastic modulus of other NFC or MFC variants).
For comparison, the transverse elastic modulus for wood-
derived CNC has been reported at about 18–50 GPa,67 24.8
and 17.7 GPa for wood and cotton-derived CNCs, respectively,68
and 2–25 GPa for tunicate CNC.69,70 These elastic modulus
indicate strong inter and intramolecular hydrogen bonding in
spinifex NFC. These results could also be explained by the
higher crystallinity and lower number of defects in our NFC
crystal structure.68on of T. pungens
at break Tensile stress
(MPa)
Work at fracture
(MJ m3)
84  5 12.3  2
67  0.1 6  0.2
This journal is © The Royal Society of Chemistry 2015
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View Article OnlineConclusion
High aspect ratio nanobrils were obtained through the high
pressure homogenization of delignied and bleached Triodia
pungens semi-arid grass bres. The brillation of pretreated
bres produces very high aspect ratio NFC, even aer only
one pass through the homogenizer, and without any clogging
issues, indicating that long nanobrils with a very small
diameter can be obtained by very mild pulping and signi-
cantly lower energy consumption. Applying diﬀerent pres-
sure, and also varying the number of passes through the
homogenizer produced almost the same result in terms of
nanobril diameter and length. An unusually high remnant
hemicellulose content of approximately 42% appears to be an
important factor in this more amenable brillation trait,
apparently acting to “toughen” the NFC, rendering them
more fracture-resistant during the conditions of high shear,
turbulence and cavitation imposed during homogenization.
Despite this, the NFC obtained from T. pungens had a rela-
tively high crystallinity of about 69%, and the transverse
elastic modulus of a single nanobril was measured to be in
the range of 19–24 GPa, slightly lower than most credible
reports for CNC transverse elastic modulus. Not surprisingly,
the nanopaper with low porosity produced from high
aspect ratio NFC showed a high work at fracture, which
indicates a high toughness; a trait that could, for example,
prove to have utility in nonwoven membrane, packaging
and polymer composite applications. A broader social
signicance of our nding is the potential that commercial
harvesting and extraction of spinifex nanobres could
provide for the foundation of new enterprises for remote
Australian Aboriginal groups currently suﬀering economic
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